Shima T, Shiina T, Naitou K, Nakamori H, Shimizu Y. Functional roles of capsaicin-sensitive intrinsic neural circuit in the regulation of esophageal peristalsis in rats: in vivo studies using a novel method. Am J Physiol Gastrointest Liver Physiol 306: G811-G818, 2014. First published March 20, 2014 doi:10.1152/ajpgi.00250.2013.-A well-developed myenteric plexus exists in the esophagus composed of striated muscle layers, but its functional role in controlling peristaltic movements remains to be clarified. The purpose of this study was to clarify the role of a local neural reflex consisting of capsaicin-sensitive primary afferent neurons and intrinsic neurons in esophageal peristalsis. We firstly devised a method to measure peristaltic movement of esophagus in vivo in rats. Rats were anesthetized with urethane, and esophageal intraluminal pressure and propelled intraluminal liquid volume were recorded. In the experimental system, an intraluminal pressure stimulus evoked periodic changes in intraluminal pressure of the esophagus, which were consistently accompanied by intraluminal liquid propulsion. Bilateral vagotomy abolished changes in intraluminal pressure as well as liquid propulsion. These results indicate that the novel method is appropriate for inducing peristalsis in the esophagus composed of striated muscles. Then, by using the method, we examined functional roles of the local reflex in esophageal peristalsis. For that purpose, we used rats in which capsaicin-sensitive neurons had been destroyed. The esophagus of capsaicin-treated rats showed a multiphasic rise in intraluminal pressure, which may due to noncoordinated contractions of esophageal muscles, whereas a monophasic response was observed in the intact rat esophagus. In addition, destruction of capsaicinsensitive neurons increased the propelled liquid volume and lowered the pressure threshold for initiating peristalsis. These results suggest that the local neural reflex consisting of capsaicin-sensitive neurons and intrinsic neurons contributes to coordination of peristalsis and suppresses mechanosensory function of vagal afferents in the esophagus.
IN CONTRAST TO THE tunica muscularis of the stomach, small intestine, and large intestine, which is entirely composed of smooth muscle, the external muscle layer of the mammalian esophagus contains striated muscle fibers (27, 43) . The striated muscle fibers extend from the pharyngoesophageal junction to the thoracic or even abdominal portion, depending on the species (27, 43) . In humans and cats, the upper and lower portions of the esophagus are composed of striated and smooth muscle fibers, respectively, with mixed composition of these fibers in the middle portion. In dogs, ruminants, and rodents including mice, rats, and hamsters, the muscle layer of the esophagus consists largely of striated muscle fibers. In the smooth muscle esophagus, the swallowing pattern generator located in the brain stem initiates peristaltic movement via extrinsic vagal neurons (6, 13, 21) , and a local reflex circuit composed of intrinsic neurons organizes the progressing front of contraction (13, 15) . On the other hand, peristalsis of the striated muscle esophagus is both initiated and organized by the swallowing pattern generator via vagal motor neurons that directly innervate the muscle fibers (5, 6, 13, 14, 21, 26) .
In addition to this widely accepted model for peristalsis control of the esophageal striated muscle, the modulatory roles of intrinsic (myenteric) neurons such as nitrergic and galaninergic neurons have recently been clarified morphologically (18, 22, 23, 28, 42) and functionally (9, 10, 20, 36 -38) . Spinal primary afferents including capsaicin-sensitive nerve fibers (19) form close connections with myenteric neurons in the esophagus (25) . The dual innervation both from vagal motor efferents and varicose myenteric nerve fibers originating in myenteric neurons to esophageal-striated muscle is so-called enteric coinnervation (43) . We have previously demonstrated by using isolated esophageal segments that the capsaicinsensitive primary afferent neurons and intrinsic nitrergic and/or peptidergic neurons constitute a local neural reflex circuit (9, 10, 20, 37, 38) . Primary afferent neurons, including both extrinsic and intrinsic primary afferent neurons (IPANs), generally innervate the gastrointestinal tract (2, 15) . However, since the striated muscle portion of the esophagus is innervated mainly by extrinsic (vagal or spinal) primary afferents and poorly by IPANs (34, 35) , the capsaicin-sensitive primary afferents in the neural circuit would be extrinsic neurons, which might be derived from the spinal cord (4, 38) . Activation of the neural reflex circuit inhibits the release of neurotransmitters from vagal motor neurons and thereby suppresses mechanical responses of the striated muscle elicited by vagal nerve stimulation. However, the physiological role of the local reflex in esophageal peristalsis, which is controlled mainly by the vagovagal reflex via the brain stem (13, 16, 24) , remains to be determined. Since a complete peristaltic movement cannot be reproduced in esophageal segments isolated from the central nervous system, an in vivo experimental system that enables us to record esophageal peristalsis is necessary to advance investigation of the local neural reflex.
Hence, the aim of the present study was firstly to devise a method to measure peristaltic movement of the esophagus in vivo in rats. Then, by using the novel method, we examined functional roles of the local neural reflex in peristaltic activity of the esophageal striated muscle.
MATERIALS AND METHODS
Experimental animals. Male Wistar rats (14 -17 wk of age, 400 -600 g) were obtained from Imai Experimental Animals (Saitama, Japan). They were maintained in plastic cages at 22 Ϯ 2°C with a 12:12-h light-dark cycle. They were given free access to laboratory chow (LABO MR Stock, Nihon-Nosan) and water. The experiments were approved by the Gifu University Animal Care and Use Committee and were conducted in accordance with the committee guidelines on animal care and use.
Neonatal capsaicin treatment. To destroy capsaicin-sensitive neurons, neonatal rats were injected subcutaneously with capsaicin (50 mg/kg) at 2 days after birth as described previously (40) . After 8 -9 wk, we used only capsaicin-treated rats that responded with no more than two wipes to application of capsaicin solution (0.01%) to the cornea.
System for recording esophageal motility in vivo. To select the best anesthetic condition for recording esophageal motility, rats were anesthetized with several different anesthetics: urethane (1.2 g/kg ip), ketamine (35 mg/kg im) plus ␣-chloralose (50 mg/kg iv), or pentobarbital (40 mg/kg ip). The anesthetized animal was placed on a heating pad and body temperature was maintained at 37°C throughout the experiment. The esophagus was cannulated in the cervical and abdominal regions (inner and outer diameters of 1.5 and 2.4 mm, respectively). The cervical cannula was connected to a Marriotte bottle filled with warm saline, and the abdominal cannula was connected to a pressure transducer and a fluid outlet (Fig. 1) . Baseline intraluminal pressure was maintained at 0 mmHg by adjusting the height of the Marriotte bottle and the outlet tube. Intraluminal pressure stimulation was applied by increasing the height of the Mariotte bottle and the outlet tube for 30 s in duration at intervals of at least 15 min. Expelled fluid was collected in a cylinder positioned beneath the fluid outlet. At the completion of experiments, rats were killed by intraperitoneal injection of a lethal dose of pentobarbital (200 mg/kg) while they were still under anesthesia.
Vagotomy. Effects of vagotomy were examined in animals breathing spontaneously. The upper cervical vagi were gently dissected free and snared with loose silk threads for subsequent vagotomy. After prevagotomy esophageal responses had been tested, the bilateral vagal nerve trunks were ligated with silk threads and severed with microscissors. At the end of each experiment, the vagus trunk was further exposed to allow visual verification of the completeness of vagotomy.
Cervical spinal cord transection. Laminectomy was performed and the spinal cord was transected with microscissors at C5. Sham transections involved completing a similar laminectomy without subsequent section of neural tissue. At the end of each experiment, the spinal cord was further exposed to allow visual verification of the completeness of cord transection.
Ventilation and video recording. Before and during video recording of esophageal motility, animals were artificially ventilated with air by means of a respirator (Rodent Ventilator model 683; Harvard Bioscience, Boston, MA). Ventilation was maintained at a rate of 70 cycles/min and a tidal volume of 4.0 ml. In ventilated intact or capsaicin-treated rats, thoracotomy was performed for macro observation of esophageal motility. After removing the sternum, motility patterns of the esophagus that was observed between the heart and the diaphragm were recorded with a digital video camera.
In vitro recording of mechanical activity in esophageal segments. Animals were anesthetized with isoflurane and were exsanguinated via axillary arteries. A 1-cm-long segment from the middle thoracic part of the esophagus was dissected out and its mechanical activity was measured in the circular direction as described previously (37, 38) . For inducing muscle contractile response, electrical stimulations were applied to esophageal preparations. The vagus nerve was stimulated via an electronic stimulator (model SEN-3201, Nihon Kohden, Tokyo, Japan) connected to electrodes with single square-wave pulses of supramaximal intensity (80 V) and 100 s in duration at intervals of 1 min.
Drugs. Urethane (Tokyo Chemical Industry, Tokyo, Japan), ␣-chloralose (Nacalai Tesque, Kyoto, Japan), and ketamine hydrochloride (Daiichi Sankyo, Tokyo, Japan) were used as anesthetic drugs. Urethane was dissolved in saline. ␣-Chloralose was dissolved in 10% 2-hydroxypropyl-␤-cyclodextrin (Wako Chemical, Osaka, Japan) and then made up with saline for infusion. Capsaicin (SigmaAldrich, St. Louis, MO) was dissolved in 10% ethanol, 10% Tween 80, and 80% saline and used for injection to neonatal rats. D-tubocurarine (Sigma-Aldrich), which was used as a blocker of nicotinic acetylcholine receptors, was dissolved in distilled water and applied into the organ bath solution.
Statistical analysis. Data are presented as means Ϯ standard deviation (SD); n indicates the number of separate preparations. The significance of differences between mean values was determined by one-way analysis of variance (ANOVA) or repeated measures ANOVA followed by Dunnett's test. A P value less than 0.05 denotes the presence of a statistically significant difference.
RESULTS

Peristaltic movements elicited by intraluminal pressure stimulation in the rat esophagus in vivo.
Under the basal condition in which no pressure stimulus was applied, there was faint fluctuation of intraluminal pressure that coincided with breathing rhythm ( Fig. 2; 0 mmHg) . Application of pressure stimulation (ϳ4 mmHg) evoked periodic changes in intraluminal pressure in rats anesthetized with urethane ( Fig. 2) . Each of the pressure changes was accompanied by liquid propulsion (Fig. 2) . To observe the esophageal motility directly, the chest of the ventilated rat was opened. In gross inspection, it was observed that contraction of the muscle occurred at the oral end and propagated to the aboral end in the esophagus (Fig. 2 and Supplemental Video S1). Thus this movement is appropriate to be categorized as peristaltic movement. On the other hand, no esophageal motility was elicited in the rats anesthetized with ketamine Effects of intraluminal pressure stimulation on peristaltic movement in the rat esophagus. We examined the effects of intraluminal pressure stimulation on peristaltic movement in the rat esophagus. The volume of intraluminal liquid propulsion increased as the stimulation pressure increased (Fig. 3B) . On the other hand, the frequency of peristaltic movements did not change (Fig. 3C) . Increment of pressure stimulation increased the amplitude (Fig. 3D ) and the area under the curve (AUC) (Fig. 3F) , but not the duration of changes in intraluminal pressure, of peristaltic movements (Fig. 3E) .
Effects of vagotomy on peristaltic activity in the rat esophagus. To investigate whether the vagus nerve is involved in esophageal motility, bilateral cervical vagotomy was performed. After vagotomy, esophageal motility was not elicited by application of intraluminal pressure (Fig. 4B) .
Effects of destruction of capsaicin-sensitive neurons on peristaltic movement in the rat esophagus. Rats in which capsaicin-sensitive neurons had been destroyed were used to clarify the functional roles of capsaicin-sensitive neurons in the regulation of esophageal motility. Although intraluminal pressure less than 4 mmHg did not evoke esophageal motility in the intact rat, esophageal peristalsis was elicited by pressure stimulation as low as 2 mmHg in rats in which capsaicin-sensitive neurons had been destroyed (Fig. 5 and Supplemental Video S1). The esophagus of capsaicintreated rats showed a multiphasic rise in intraluminal pressure (Fig. 5B) , whereas a monophasic response was observed in the intact rat esophagus (Fig. 5A) . Destruction of capsaicin-sensitive neurons increased the propelled liquid volume (Fig. 5C), duration (Fig. 5F ), and AUC (Fig. 5G ) of changes in intraluminal pressure of peristaltic movements. The frequency of peristaltic movements (Fig. 5D ) and pressure amplitude were not affected (Fig. 5E) .
Effects of spinal cord transection on peristaltic activity in the rat esophagus. To determine whether the effect of capsaicin-sensitive afferents is mediated peripherally or centrally, spinal cord transection was performed. In rats with spinal cord transection, esophageal motility was elicited by application of relatively low intraluminal pressure (2 mmHg) (Fig. 6) . However, monophasic nature of changes in intraluminal pressure was maintained even after spinal cord transection, in contrast to multiphasic response observed in capsaicin-treated rats (see Fig. 5B ). Transection of the spinal cord did not significantly affect the propelled liquid volume, frequency, amplitude, duration, and AUC of changes in intraluminal pressure of peristaltic movements (data not shown).
Contractile responses of isolated esophageal preparations. Electrical stimulation of the vagus nerve trunk with single pulses (80 V, 100 S) evoked monophasic (twitch-like) contractile responses in the esophagi from both intact and capsaicin-treated rats (Fig. 7) . The responses were inhibited by application of D-tubocurarine (5 M). There was no significant difference between contractile properties of the intact esophagus and those of the capsaicin-treated esophagus. These results demonstrate that destruction of capsaicin-sensitive neurons does not affect contractile activity of the esophagus.
DISCUSSION
Several methods for experimental induction of esophageal peristalsis have been reported. For example, electrical stimulation of the superior laryngeal nerve (33) or intraluminal balloon distension (24) successfully induced peristalsis. In the present study, intraluminal pressure stimulus evoked periodic changes in intraluminal pressure of the esophagus. The evoked responses accurately depend on pressure stimulus, since a change in pressure was never detected in the absence of the stimulus. Each of the transient increases in intraluminal pressure was consistently accompanied by intraluminal liquid propulsion. In addition, bilateral vagotomy abolished changes in intraluminal pressure as well as liquid propulsion, being consistent with the concept that the vagovagal reflex regulates esophageal peristalsis. Taken together, the novel method is appropriate for inducing peristalsis in the esophagus composed of striated muscles in vivo. Simultaneous recordings of two parameters (intraluminal pressure and propelled liquid volume) may offer an advantage that esophageal peristalsis can be evaluated quantitatively.
There are two types of motility pattern in esophageal peristalsis (13) . Coordinated esophageal events initiated by the act of swallowing are called primary peristalsis, and progress contractions in the esophageal body induced by distention from intraluminal food are called secondary peristalsis. The peristalsis observed in this study can be classified as secondary peristalsis because it was induced by distension from intraluminal pressure stimulation in the esophageal body without swallowing.
Vagotomy abolished the induction of esophageal peristalsis by intraluminal pressure stimuli, whereas destruction of capsaicin-sensitive neurons failed to block the reflex response. These observations suggest that capsaicin-insensitive vagal afferents are dominantly related to the induction of peristalsis. In other words, capsaicin-sensitive afferents, which may correspond to high-threshold afferents (39, 44) , would not be essential for inducing peristaltic responses. In agreement with this idea, the level of intraluminal pressure applied in our experiments was in the nonnoxious range, which stimulates low-threshold, but not high-threshold, afferents (7, 35) . Lowthreshold vagal afferents have been identified as intraganglionic laminar endings (IGLEs) (3, 31, 35, 45) . The fact that IGLEs are insensitive to capsaicin (4, 30) also supports our idea. It is thus most probable that low-threshold vagal afferents (IGLEs) are excited by a rise in intraluminal pressure and induce esophageal peristalsis through the vagovagal reflex.
The swallowing center in the brain stem (the nucleus of the solitary tract) is responsible for initiation of organized peristalsis via vagovagal reflex in the striated muscle portion of the esophagus (6, 13, 24) . The nucleus of the solitary tract contains neurons expressing NMDA receptors (12) and GABA receptors (11) . These receptors are associated with coordination of esophageal motility. In fact, treatment with an antagonist of the NMDA receptors or that of the GABA receptors inhibited motor activity of the esophagus (17, 41) . Consistent with this, we found that esophageal peristalsis did not occur in rats anesthetized with ketamine or pentobarbital. Choice of anesthetic was critical for the successful establishment of a method to induce esophageal peristalsis.
The peak amplitudes and AUC of intraluminal pressure changes, as well as propelled liquid volumes, increased as the applied stimulus pressure was increased. Interestingly, frequency of peristalsis was unchanged regardless of the strength of applied pressure. This is inconsistent with observations in the small intestine, where the frequency of peristaltic contractions is increased depending on the applied intraluminal pressure (8) . The inconsistency may be related to the functional differences between the esophagus and the small intestine. In the case of the small intestine, faster frequency would be occasionally required to fracture solid contents or transport indigestible residues. On the other hand, the function of the esophagus is exclusively transport of ingested foods to the stomach. Since no contents are retained in the esophagus, pressure stimulus that triggers vagovagal reflex may be transient. Thus continuous occurrence of peristaltic movements is unusual during the swallowing process. Accordingly, it can be considered that rats do not have a mechanism to accelerate frequency of esophageal peristalsis.
The enteric nervous system plays a pivotal role in regulation of gastrointestinal motility (15) . Also in the esophagus composed of striated muscle layers, a well-developed myenteric plexus exists, but its functional role in controlling peristaltic movements remains to be clarified (13, 43) . The main purpose of this study was to clarify the role of the local neural reflex consisting of extrinsic (spinal) capsaicin-sensitive primary afferent neurons and intrinsic neurons in esophageal peristalsis. For that purpose, we used rats in which capsaicin-sensitive neurons had been destroyed. Remarkably, the pressure stimulus evoked a multiphasic rise in intraluminal pressure with a long duration in the esophagus of capsaicin-treated rats. This may be due to noncoordinated contractions of esophageal muscles, resulting in slow velocity. We previously demonstrated by using isolated esophageal preparations that capsaicin-sensitive neurons activate the local reflex circuit composed of intrinsic neurons, which in turn suppresses twitch contractions evoked by vagal nerve stimulation (9, 10, 20, 37, 38) . The present study may provide a valuable insight into the physiological role of enteric coinnervation. The intrinsic local reflex circuit, which is triggered by capsaicin-sensitive neurons, contributes to coordination of peristalsis in the esophagus. Operation of the reflex circuit makes the esophageal contraction monophasic and fast, which may support effective transport of ingested foods. To our knowledge, this is the first study showing the functional role of intrinsic nerves in esophageal peristalsis.
Another interesting finding is the lowered pressure threshold for initiating peristalsis in capsaicin-treated rats. Since vagotomy prevents induction of esophageal peristalsis, the pressure stimulus elicits peristalsis exclusively via the vagovagal reflex. It is therefore most probable that the lowered threshold is responsible for sensitivity of vagal afferents. One possible explanation is that capsaicin-sensitive afferents trigger a putative inhibitory mechanism after application of pressure stimuli, and therefore destruction of capsaicin-sensitive neurons lowered the pressure threshold by eliminating the negative modulation. However, this seems unlikely since the level of pressure stimuli applied in this experiment was not high enough to activate capsaicin-sensitive afferents (39, 44) . Alternatively, it is possible that capsaicin-sensitive afferents exert tonic inhibitory effects on vagal mechanosensors. This possibility is supported by the findings that capsaicin-sensitive primary afferents can be activated spontaneously and tonically (1, 32) . A candidate effector for tonic inhibition of vagal mechanosensors is nitric oxide (NO). In accordance with this, Page et al. (29) reported that endogenous NO has an inhibitory neuromodulatory role in visceral sensory function of gastrointestinal vagal afferents. We have demonstrated that nitrergic neurons are one of the components of the local neural reflex circuit that is triggered by capsaicin-sensitive neurons in the rat esophagus (36, 38) . Hence, the idea that NO generated by enteric nerves suppresses the mechanosensory function of vagal afferents is reasonable.
Since the capsaicin-sensitive primary afferents in the rat esophagus would be derived from the spinal cord (4, 38) , it is possible that the modulatory effects of capsaicin-sensitive afferents are generated via the central nervous system. To address this issue, we performed spinal cord transection. This is based on the assumption that if the effect is mediated centrally, elimination of the central connection itself would bring about an effect similar to that observed with the destruction of capsaicin-sensitive afferents. Transection of the spinal cord lowered pressure threshold for initiating peristalsis esophageal motility as observed in capsaicin-treated rats. The result suggests that inhibitory actions of capsaicin-sensitive neurons on esophageal mechanosensors would be mediated, at least in part, via the central nervous system including the spinal cord. On the other hand, changes in motility pattern observed in capsaicin-treated rats (i.e., a multiphasic rise in intraluminal pressure and increase in propelled liquid volumes) was not reproduced by the spinal cord transection. It is therefore postulated that modulatory effects of capsaicin-sensitive afferents on the esophageal motility would be exerted peripherally without mediation of the central nervous system. In summary, we devised a quantitative method for evaluating esophageal peristalsis in vivo in rats. Moreover, by using the novel method, roles of capsaicin-sensitive afferent neurons and intrinsic neurons in the regulation of esophageal peristalsis might be clarified. Capsaicin-sensitive neurons in the gastrointestinal tract are known to be associated with nociception, mucosal protection, secretion, and smooth muscle contractility (2, 19) . The present study revealed an additional function of these neurons in the esophagus.
